The aim was to expand recently published information regarding the significance of the interleukin (IL)-8/p-STAT-3 (signal transducer and activator of transcription) pathway in astrocytomas, focusing on the IL-8 receptor, chemokine (C-X-C motif) receptor 2 (CXCR2), and the STAT-3 inhibitor SOCS-3 (suppressors of cytokine signaling). A total of 91 paraffin-embedded human astrocytoma tissues (grades II-IV) were investigated for the association of SOCS-3 and CXCR2 expression with clinicopathologic and morphometric microvascular characteristics, vascular endothelial growth factor (VEGF), IL-8 and p-STAT-3 expression and patient survival. Peripheral IL-8 secretion levels were assessed by enzyme-linked immunosorbent spot (ELISPOT). SOCS-3, p-STAT-3 and CXCR2 protein levels were also quantified by Western immunoblotting in six cases, and the protein levels of SOCS-3 and CXCR2 were correlated with the immunohistochemical expression of the respective proteins. All CXCR2-positive cases by Western immunoblotting displayed increased peripheral IL-8 secretion levels. Treatment of primary glioblastoma cell cultures with exogenous IL-8 enhanced proliferation, and this effect was inhibited by treatment with a neutralizing anti-CXCR2 antibody. SOCS-3 and CXCR2 were expressed by neoplastic astrocytes in 92.4% and 48.78% of cases, respectively, with their levels increasing with histological grade and extent of necrosis. VEGF expression and microvessel density, CXCR2 and IL-8 levels were interrelated. SOCS-3 and p-STAT-3 were coexpressed in 85.7% of cases, although they were not interrelated. In univariate survival analysis, increased SOCS-3 expression and the presence of CXCR2 adversely affected survival, whereas in multivariate analysis, only CXCR2 remained significant. The prognostic significance of CXCR2 was validated in an independent set of 63 patients. Our data implicate IL-8/CXCR2 signaling pathway in the progression and regulation of angiogenesis in astrocytomas and provide a rationale for CXCR2 therapeutic exploitation in these tumors.
INTRODUCTION
Glioblastoma, the most common neoplasm among diffuse infiltrating astrocytomas, is notorious for its ability to evade immunosurveillance as well as for its invasive and angiogenic properties (1) . Despite current multidisciplinary approaches, the overall prognosis remains dismal because of tumor refractoriness to therapy. Deciphering the well-orchestrated signaling pathways coordinating the complex biology of glioma cells is crucial to optimizing treatment strategies.
Direct and indirect evidence links the chemoattractant and proinflammatory CXC chemokine interleukin (IL)-8 to the invasive potential and rapid growth of glioblastoma cells. Most importantly, IL-8, like all ELR + CXC chemokines, is known to harbor potent angiogenic properties related to the Glu-Leu-Arg (ELR) motif immediately preceding its first Nterminal cysteine residue (2) . The biologic effects of IL-8 are mediated by two highly related G protein-coupled receptors: chemokine (C-X-C motif) receptor 1 (CXCR1; IL-8 R1) and CXCR2 (IL-8 R2). CXCR2 is promiscuous in nature, since it can also bind other CXC chemokines (3) . IL-8/CXCR1 autocrine signaling is presumably partly responsible for the glioblastoma-invasive phenotype, since downregulation of IL-8 or CXCR1 or si-lencing of the IL-8 gene by siRNA results in decreased invasive potential of glioblastoma cell lines (4) . While CXCR1 and CXCR2 share many functions, they are also capable of activating distinct downstream pathways and can therefore exhibit different physiologic roles (5) .
Signal transducer and activator of transcription (STAT)-3 is a transcription factor strategically positioned at the convergence point of several signaling pathways that becomes phosphorylated in response to cytokines, growth factors and extracellular signals (6) . The conflicting data regarding the significance of aberrant phosphorylation of STAT-3 in malignant astrocytomas (rev. in 7) reflect the dual role of STAT-3, which harbors tumor-suppressive properties in the context of phosphatase and tensin homolog (PTEN) deficiency and oncogenic properties after expression of epidermal growth factor receptor variant III (EGFRvIII) (8) .
The disastrous biologic consequences of uncontrolled cytokine signaling have generated a surge of interest into the identification of upstream regulators of the cytokine-driven STAT activation pathway (9) . To date, the only known inducible inhibitors in this regard are the suppressors of cytokine signaling (SOCS) proteins, comprising SOCS1-SOCS7 and the cytokine-inducible SH2 domain-containing proteins. SOCS proteins can recognize cytokine receptors of the associated Janus-associated kinases (JAKs) phosphorylating STAT-3, thereby attenuating signal transduction. STAT-3 in particular induces SOCS-3, which feeds back to negatively regulate JAK/STAT signaling (10) . Although SOCS proteins serve as robust tools to ensure tight cytokine signaling control, recent data argue in favor of their action as multifunctional molecular "switches," facilitating or suppressing neoplastic transformation depending on cellular context (11) .
Most recently, we have established the IL-8/STAT-3 signaling pathway as a novel regulatory mechanism promoting the acquisition of an aggressive and angiogenic phenotype in astroglial tumors (7) . We herein pursue our investigation to two components interacting upstream and downstream with this pathway, namely IL-8 receptor CXCR2 and STAT-3 inhibitor SOCS-3, since existing information in this context is limited and controversial. We chose to focus on CXCR2 only because the role of CXCR1 in glioblastomas is well known (as opposed to that of CXCR2) (4) and because recent data in other tumors favor CXCR2 as a more likely mediator of IL-8 angiogenic properties (12, 13) . First, we analyzed the relationships of CXCR2 and SOCS-3 immunohistochemical expression with clinicopathologic data, IL-8 and p-STAT-3. Immunohistochemistry was validated by Western blot in a subset of cases. Second, we tested the implication of the IL-8/ CXCR2 axis in the proliferation of primary glioblastoma cells. Third, we examined the relationships of these molecules with microvascular characteristics and vascular endothelial growth factor (VEGF), aiming to gain insight into their potential implication in the angiogenic process. Fourth, we tested the prognostic impact of SOCS-3 and CXCR2 by univariate and multivariate analysis and validated the results in an independent set of patients.
MATERIALS AND METHODS

Patient Description
This is a study of 91 adult patients with supratentorial diffuse infiltrating astrocytomas (grades II-IV) for whom archival primary tumor material at diagnosis, before radiotherapy, was available. A total of 28 patients and 23 healthy controls without evidence of any other type of cancer were also investigated for IL-8 secretion levels in peripheral blood. Patients had been diagnosed and treated in the First Department of Pathology, "Laiko" Hospital, University of Athens Medical School, and follow-up occurred in the "Evangelismos," "Asklepeeion" and "Red Cross" Hospitals between 1999 and 2006. In all cases, the diagnoses and grading were peer-reviewed according to the principles laid down in the latest World Health Organization classification (14) . Distinction between primary and secondary glioblastomas was on the basis of World Health Organization criteria (14) . Informed consent was obtained from all patients, and the study was approved by the University of Athens Medical School Ethics Committee. The presence (62 cases) and extent of necrosis (focal, 14 cases; extensive, 48 cases) were assessed on the basis of imaging data and compared with that in tissue specimens. The demographic data of our patients are summarized in Table 1 .
Peripheral blood was obtained before therapeutic administration of corticosteroids or any other treatment that consisted of surgery (partial resection [36 patients] or almost complete resection [55 patients]) and postoperative radiation-a total dose of 60 Gy in 30-33 fractions (72 patients).
Western Immunoblotting
Western blot assays were performed on six frozen astroglial tumor samples that were also analyzed immunohistochemically for IL-8, CXCR2 and SOCS-3. After homogenization and fractionation of fresh frozen tumor tissue, 100 μg protein was separated on a 10% polyacrylamide gel and blotted onto nitrocellulose membranes, probed with primary antibody overnight, followed by incubation with horseradish peroxidase-conjugated goat-anti-rabbit IgG secondary antibody (AP132P; Chemicon, Millipore, Temecula, CA, USA). Western immunoblotting was performed with the same antibodies used for immunohistochemistry as described below. Antibody dilutions were 1:2,000 for anti-p-STAT-3, 1:200 for anti-SOCS-3 and 1:200 for anti-CXCR2. Anti-actin antibody (MAB1501; Chemicon) was used as the loading control. Bands were visualized using ECL chemiluminescence detection reagents (Perkin Elmer, Athens, Greece).
Enzyme-Linked Immunosorbent Spot Assay
Peripheral blood mononuclear cells (PBMCs) isolated from fresh acid citrate dextrose peripheral blood samples from 28 patients by gradient density centrifugation were used for IL-8 enzyme-linked immunosorbent spot (ELISPOT) assay as previously described (15, 16) . Samples were also obtained from 23 healthy controls.
Primary Glioma Cell Cultures
Three fresh glioblastoma samples were obtained in collection medium (Dulbecco's modified Eagle's medium [DMEM]/Ham's F12, penicillin and streptomycin, amphotericin B), and primary glioma cell cultures were established as previously described (15, 16) .
Proliferation Assay
To investigate the effect of IL-8/ CXCR2 signaling on glioma cell proliferation, we performed a proliferation assay using the 3-(4,5-dimethylthiazol-2-yl) - 
Immunohistochemical Staining
The 4-μm serial sections cut from formalin-fixed paraffin-embedded tumor tissue were immunostained using the two-step peroxidase technique with a peroxidase-conjugated polymer (DAKO Envision kit; DAKO, Carpentaria, CA). The following antibodies were used: anti-SOCS-3 (SC 9023, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:100 and anti-CXCR2 antibody (MAB 331) diluted 1:50. Both antibodies were incubated overnight at 4°C. CXCR2 staining data were available in 82 cases. Positive reaction was visualized using DAB as chromogen. Before primary antibody application, sections were treated with 10 mmol/L citrate buffer, pH 6.0, in a microwave oven at 750 W for 30 min. All cases had also been analyzed previously for IL-8, p-STAT-3 and VEGF expression (7) .
SOCS-3 and CXCR2 evaluation was performed by light microscopy by two experienced pathologists (PK, GL) without knowledge of the clinical information. If a discrepancy occurred between the assessments of the two observers, the slides were reassessed in a combined session without information of the previous scores. In each case, the percentage of any neoplastic cells with cytoplasmic SOCS-3 and CXCR2 immunoreactivity was calculated in at least 500 tumor cells and the total area occupied by microvessels (total vascular area) were estimated by using an image analysis software (Sigma Scan Pvo 5.0 Software; Jandel Scientific, Erkrath, Germany).
Statistical Analysis
Statistical analysis was performed by a biostatistician (G Levidou, MSc). In the basic statistical analysis, IL-8, SOCS-3, CXCR2, VEGF and p-STAT-3 expression and morphometric microvascular characteristics were treated as continuous variables to avoid any "data-driven" categorization. Proliferation assay results were tested with the t test. Associations of SOCS-3 and CXCR2 expression with clinicopathologic parameters and microvascular characteristics were tested using nonparametric tests with correction for multiple comparisons astrocytic tumors had been examined previously by our group (7) and have not been included in the results of the present investigation.
Survival analysis was performed using death by disease as an end point. The effect of various clinicopathologic parameters (age, sex, chemotherapy, radiotherapy, extent of surgical resection and histological grade) as well as SOCS-3, p-STAT-3, IL-8 and CXCR2 immunoreactivity on clinical outcome was assessed by plotting survival curves according to the Kaplan-Meier method and comparing groups using the log-rank test, as appropriate. Numerical variables were categorized on the basis of cutoff values provided by receiver operating characteristic curves. Multivariate analysis was performed using Cox proportional hazard estimation model to evaluate the predictive power of each parameter independently of others. To improve the stability and power of the adjusted model, Cox stepwise backward selection strategy was used. SOCS-3 and CXCR2 expression was categorized using the same cut points as in univariate analysis.
The administration of chemotherapy was not included in multivariate analysis because of the significant number of cases with missing information. Also, VEGF and microvascular characteristics were not included in survival analysis because their prognostic significance has been the subject of previous investigations (17, 18) . Statistical calculations were performed using the Statistical package STATA 9.0 for Windows. All results with a two-sided P value ≤0.05 were considered statistically significant. The adequacy of our cohort size prognostic analysis was tested with the Statistical Package Pass 2005 for Windows according to the respective literature for power and sample size calculation for survival analysis (19) .
Validation Cohort
An independent set of patients with astrocytomas was used to validate our results of univariate and multivariate survival analysis and test the validity of the chosen cutoff values for the expression of CXCR2. The validation group we used consisted of 63 patients, diagnosed and treated at "Evangelismos" Hospital after the selection of the patient cohort, between 2006 and 2010, and subject to a similar therapy regime. The demographic data are shown in Table 1 . The follow-up period ranged from 2 to 52 months (median 12 months). The results of univariate survival analysis for CXCR2 expression in the population group were used to calculate the required number of patients in the validation group for an adequately powered analysis (90%) (20) . A total of 48 patients would be needed to detect a difference of 0.3193 between 0.3662 and 0.0469 (the probability of surviving in CXCR2 expressor and CXCR2 non-expressor groups after 86 months, as calculated in the population group) using a two-sided log-rank test and to achieve 90% power at a 0.05 significance level.
RESULTS
Western Blot Analysis
The CXCR2 and SOCS-3 expression levels by Western blot in the examined six cases were found to correlate with the immunohistochemical expression of the respective proteins in the same cases ( Figures 1A, B) .
IL-8 Secretion from PBMCs in Patients and Controls
The number of IL-8-secreting cells was markedly increased in patients with astrocytomas (median value 147) compared with healthy controls (median value 93; Wilcoxon matched pairs signed-rank test, P < 0.0001) as previously described (15) . Within the patient group, all CXCR2-positive cases as determined by Western blot also exhibited increased peripheral IL-8 secretion levels by ELISPOT and IL-8-positive neoplastic cells by immunohistochemistry ( Figure 1D ). However, the levels of circulating IL-8 were not measured.
Effect of IL-8/CXCR2 Signaling on Glioblastoma Cell Proliferation
Treatment of primary glioblastoma cells with recombinant IL-8 for 48 h followed by MTT assay significantly enhanced their proliferation. Moreover, treatment with anti-CXCR2 antibody inhibited glioma proliferation enhanced by recombinant IL-8 ( Figure 2 ). An isotype- matched control antibody had no effect on cell proliferation.
R E S E A R C H A R T I C L E
Immunohistochemical Assessment of CXCR2 Expression in Astrocytomas
CXCR2 expression was recorded in 34 of 82 (48.78%) cases. Positive cells represented 0.5% to 70% (median value 3%) of the neoplastic population (Table 2) . Cases with a small number of positive cells were also stained for glial fibrillary acidic protein (GFAP) to ensure that positive cells were astrocytes. Immunoreactivity was observed in the cytoplasm of neoplastic cells ( Figure 1A ) and was mainly localized in perivascular regions, especially in glioblastomas (Fig ure 1A,  #5) , as well as in endothelial and inflammatory cells. Scattered positive neoplastic cells were also encountered throughout the tumor parenchyma and around necrosis ( Figure 1A, #4) .
CXCR2 expression increased with tumor histological grade (Mann Whitney U test, II/III versus IV, P = 0.0139, Figure 3B ) and with the extent of necrosis (Kruskal-Wallis P = 0.020, Figure 3D ). All but three cases with CXCR2 expression by neoplastic astrocytes also showed IL-8-positive neoplastic cells. Moreover, CXCR2 expression was positively correlated with IL-8 levels (Spearman's rank correlation coefficient, P < 0.0001, R = 0.4708).
Immunohistochemical Assessment of SOCS-3 Expression in Astrocytomas
SOCS-3 expression was detected in 84 of 91 (92.4%) cases with the percentage of SOCS-3-positive neoplastic cells ranging from 0.5% to 95% (median 30% in positive cases, see Table 2 ). Immunoreactivity was localized in the cytoplasm and the cell membrane of neoplastic cells ( Figure  1B SOCS-3 expression levels were higher in glioblastomas than in diffuse and anaplastic astrocytomas (Kruskal-Wallis ANOVA, II versus III versus IV, P < 0.0001, Figure 3A ) and were positively associated with the extent of necrosis (Kruskal-Wallis P = 0.0003, Figure 3C ) and IL-8 immunoreactivity levels (R = 0.4802, P < 0.0001). SOCS-3 and p-STAT-3 were coexpressed in 78/91 (85.7%) cases but were not interrelated (P = 0.0816).
Relationship of SOCS-3 and CXCR2 Expression with VEGF and Microvascular Characteristics
VEGF staining data were available in 91 cases and morphometric microvascular characteristics in 85 cases. Both SOCS-3 and CXCR2 immunoreactivity levels increased with increasing VEGF expression (R = 0.4366, P < 0.0001, and R = 0.3478, P = 0.0014, respectively) and MVD (R = 0.3200, P = 0.0028, and R = 0.3549, P = 0.0017, respectively).
Survival Analysis
Univariate survival analysis was carried out in the entire cohort as well as in grades II/III and grade IV, separately (Table 3) . Increased (≥5%) IL-8 expression (P = 0.0005), increased SOCS-3 expression (≥30%, P = 0.0044, Figure 4A ) and the presence of CXCR2 expression (P = 0.0071, Figure 4B ) adversely affected survival in the entire cohort (see Table 3 ). The median survival time for the SOCS-3 high expressor group was 8 months compared with 14 months for the SOCS-3 low expressor group. The corresponding value for those patients who expressed CXCR2 was 8 months compared with 15 months for patients who were negative for CXCR2.
The presence of CXCR2 expression also adversely affected survival of patients with grade II/III astrocytomas (P = 0.0568, Figure 4C ), although the relationship was of marginal significance. Decreased expression of p-STAT-3 (<8%, P = 0.0430) and SOCS-3 (P = 0.0833) adversely affected survival in grade IV astrocytomas, although the latter relationship was of marginal significance.
Multivariate survival analysis results including all parameters for the 82 patients, for whom SOCS-3, CXCR2, IL-8 and p-STAT-3 staining results were available, are presented in Table 4 . The presence of CXCR2 expression remained significant along with histological grade, patient age and treatment.
Both log-rank test and multivariate Cox regression analysis for CXCR2 expression in our cohort had an adequate power (>0.80) at a significant level of 5%. For power calculation, we used the results of our analysis (the ratio of the survival functions in each arm of CXCR2 expression for the log-rank test as well as the log hazard ratio of CXCR2 expression adjusted for all the investigated parameters, the standard deviation of CXCR2 expression and the existing sample size for the multivariate Cox regression analysis). In the latter calculations, the sample size was adjusted, since a multiple regression of CXCR2 expression on the other covariates in the Cox regression was expected to have an R 2 value of 0.3600 and an anticipated event rate of 70.73% (58 deaths of disease in the 82-patient cohort, for whom staining results for CXCR2 were available).
Survival Analysis: Validation Group
The overall survival was significantly lower in the CXCR2 expressor compared with the CXCR2 non-expressor group (log-rank test, P = 0.0036). Furthermore, the significant correlations of CXCR2 expression with survival from Cox modeling in the initial cohort were reproduced within the validation cohort (hazard ratio [HR] 1.009, P = 0.042), thus corroborating the effect of CXCR2 upon survival established in the patient cohort.
DISCUSSION
Despite accumulating evidence highlighting IL-8 as a critical factor modulating cell proliferation, invasion and angiogenesis in astroglial tumors (9) , the presence of IL-8 receptors in neoplastic astrocytes has been disputed (4). Initially, the perivascular distribution of CXCR1 and CXCR2 mRNA, detected by means of in situ hybridization, was assigned to the infiltrating leucocytes (21), leading to the hypothesis that IL-8 derived from neoplastic glial cells (and macrophages) exerts its biologic effects on blood vessels and inflammatory cells. RNase protection assay subsequently revealed both IL-8 receptor mRNA in 5 of 16 glioma cell lines tested, albeit at low levels (22) . Most recently, flow cytometric analysis of CXCR protein expression indicated the presence of CXCR1, but not CXCR2, in all glioblastoma cell lines tested (4). We herein provide for the first time immunohistochemical evidence for the presence of CXCR2 on neoplastic astrocytes, validated by Western blot analysis. The distribution of positive neoplastic cells was mainly perivascular, conforming to that originally reported by Desbaillets et al. (21) and differing from the perinecrotic pattern of IL-8 mRNA and protein distribution observed by us and other investigators (21, 23) . Taken together, these findings advocate that IL-8 could act as an autocrine growth factor secreted by neoplastic astrocytes to promote their own growth. The fact that occasional pseudopalisading cells expressed CXCR2 and that CXCR2 expression correlated with the extent of necrosis indicates that hypoxia is one of the mechanisms upregulating CXCR2. Indeed, experimental data support this notion indicating the presence of hypoxia-response elements in the CXCR2 promoter (24) . CXCR2 expression was recorded in approximately half of our cases, usually at low levels, as reported by Zhou et al. (22) , and was higher in glioblastomas compared with astrocytomas and anaplastic astrocytomas. No immunoreactivity in adjacent normal brain tissue was seen. IL-8 and CXCR2 protein levels were strongly interrelated, and all CXCR2-positive cases by Western blot exhibited increased peripheral IL-8 secretion. This result attests to the intimate functional link between this chemokine and its receptor. Peripheral IL-8 secretion was reported to correlate with its levels in astrocytic tumor tissues (25) and likely stimulates central IL-8 expression through the penetration of leukocytes via the blood-brain barrier, as hypothesized for IL-6 (19). Our proliferation assay showed enhanced proliferation of primary glioblastoma cells after stimulation with exogenous IL-8 that was, however, inhibited by preincubation of cells with anti-CXCR2 antibody. What emerges from the aforementioned findings is that IL-8/CXCR2 biologic axis underpins both the development and progression of diffuse astrocytic tumors. A similar autocrine signaling between IL-1 and CXCR2 was suggested to operate in early-stage colorectal cancer (26) . Upregulation of CXCR2 mediates IL-8-induced invasive and migratory phenotype of melanoma cells (24) and is associated with a more aggressive phenotype in hepatocellular (27) , gastric (28) and colorectal (29) carcinoma. The mechanisms by which CXCR2 facilitates transformation and migratory responses evoked during oncogenesis are, at least partially, due to manipulation of a comprehensive signaling network comprising phosphati dylinositol 3-kinase/protein kinase B (AKT), nuclear factor κB, Ras, mitogen-activated protein kinase (MAPK) and JAK/STAT-3 (28, (30) (31) (32) (33) .
The indisputable role of IL-8/CXCR2 axis in astrocytic tumors goes far beyond the autocrine loop signaling and clearly involves the induction of angiogenesis (4). Our finding that CXCR2 correlated with VEGF levels and MVD fits well with the proposed model favoring CXCR2 as a more likely candidate than CXCR1 mediating the proangiogenic effects of IL-8 (12, 13) . In harmony with this argument, CXCR2 was shown to upregulate VEGF and downregulate thrompo spondin-1 (an inhibitor of angiogenesis) in ovarian carcinomas (30) , whereas neutralization of CXCR2 reduced microvascular endothelial cell migration (34) and MVD (25) .
One of the most important findings emerging from the present investigation is the adverse prognostic significance of CXCR2 expression by neoplastic astrocytes established by both univariate and multivariate analysis and validated in an independent set of patients. When grades II/III and grade IV were examined separately, the prognostic significance of CXCR2 was established in the lowergrade group. Several lines of experimental evidence attest to the implication of CXCR2 in the biologic aggressiveness of various tumors. A significant inhibition of tumor growth and experimental lung metastasis formation was seen in CXCR2 -/-mice compared with wild-type nude mice (33) , whereas blockade or silencing of the CXCR2 gene attenuated human pancreatic cancer growth (34) and arrested ovarian carcinoma cells at G0/G1 and G2/M (30). Interestingly, CXCR2 has been shown to suppress the expression of proapoptotic factors while enhancing the expression of antiapoptotic proteins (30) , thereby providing a mechanism by which astrocytoma cells escape apoptotic deletion caused by radiotherapy. It is worthy to note that CXCR2 retained its prognostic significance in the presence of IL-8, lending credence to the idea that targeting CXCR2, which binds all ELR + CXC chemokines, may be a more effective and biologically rational therapeutic strategy than targeting individual ELR + CXC chemokines or CXCR1 (12) . The adverse prognostic significance A hallmark of glioblastomas is, among others, the presence of activated STAT-3 (6). Because SOCS-3 is a negative regulator of STAT-3 activation, it was assumed initially that SOCS-3 might function as a tumor suppressor and, hence, its expression might be repressed in glioblastoma tissues. Indeed, defective expression of SOCS-3 due to hypermethylation of its promoter, with consequent loss of feedback inhibition of STAT-3 activation, has been described in glioblastoma by Martini et al. (36) . However, we observed increasing expression of SOCS-3 in astrocytic tumors culminating in glioblastomas, the vast majority of which were SOCS-3 positive, in agreement with two previous reports (6, 11) , raising the idea that SOCS-3 overexpression might endow glioblastoma cells with survival advantage. SOCS-3 was also shown to increase during development and progression of prostate cancer, being important for the survival machinery of neoplastic cells (37) , whereas in breast cancer, higher expression of SOCS-3 was associated with earlier tumor stage (38) . What emerges from such discrepant findings is that SOCS-3 may act as a tumor suppressor or a tumor protector, depending on cell type (39) .
S O C S -3 A N D C X C R 2 I N H U M A N A S T R O C Y T O M A S
In our glioblastoma specimens, SOCS-3 exhibited a perinecrotic and perivascular distribution, also described by Zhou et al. (11) . The significance of this finding is unclear, but it may indicate SOCS-3 regulation by intracellular oxygen concentration, also suggested by its association with the degree of necrosis in our series. A similar perinecrotic distribution of IL-8 was seen in the same cases, resulting from hypoxic upregulation by virtue of the presence of the oxygen-sensitive transcriptional factor AP-1 in the IL-8 promoter (2). This spatial relationship implicates hypoxia as the common denominator of IL-8, SOCS-3 and VEGF overexpression, accounting for the intriguing associations of SOCS-3 with IL-8 or VEGF emerging from our study.
Our failure to substantiate the expected negative correlation between SOCS-3 and p-STAT-3 levels is not without precedence, having also been observed in urothelial carcinomas (40) . This result may suggest that other pathways inhibit STAT-3 activation in glioblastomas, namely PIAS (protein inhibitors of activated STAT-3) (6), or that neoplastic cells have developed strategies to overcome negative correlation by SOCS-3 (40) . Furthermore, the parallel elevation of SOCS-3 and STAT-3 levels may be attributed to the fact that SOCS-3 is also a transcriptional target of STAT-3, according to in vitro experiments, where introduction of a phosphorylationdeficient dominant-negative (DN) STAT-3 mutant into the U87 cell line strongly repressed SOCS-3 mRNA and protein expression (11) .
Univariate analysis indicated that enhanced SOCS-3 expression was predictive of worse patient survival. These findings seem to contradict those of Martini et al. (36) that downregulation of SOCS-3 is an indicator of worse patient survival because of the loss of feedback inhibition of STAT-3 activation contributing to tumor progression. On the contrary, Zhou et al. (11) demonstrated in vitro that SOCS-3 enhanced glioblastoma cell survival and upregulated ERK/ MAPK signaling, converting the antiapoptotic function of STAT-3 into proapoptotic (41) and promoting radioresistance. This result explains why the adverse prognostic effect of SOCS-3 was marginally maintained in univariate analysis of our glioblastoma cases. Obviously, these conflicting reports underline the need for more comprehensive studies to elucidate the function of SOCS-3 in glioblastoma. It is worthy to note, though, that the prognostic significance of SOCS-3 established in univariate analysis did not hold true in multivariate analysis, proving inferior to histological grade, CXCR2 and type of treatment.
CONCLUSION
In summary, this is the first study to propose the IL-8/CXCR2 axis as a signaling pathway facilitating progression, contributing to proliferation and regulating angiogenesis in astroglial tumors. More importantly, our data bring forward CXCR2 expression by neoplastic astrocytes as a promising marker of prognostic value. SOCS-3, on the other hand, is overexpressed with p-STAT-3 in glioblastomas but appears less influential than CXCR2 as a prognostic marker. Validation of these findings in prospective clinical studies is warranted, before CXCR2 is exploited for therapeutic intervention in the management of these devastating tumors.
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